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HYDROGENATION OF CYCLOHEXENE BY MOLECULAR HYDROGEN 
CATALYSED BY LINEAR POLYMERS HIGHLY LOADED WITH 
RHODIUM COMPLEXES
A. J. N A A K TG EB O R EN , R. J. M. N O LTE and W. D R EN TH
Laboratory  fo r  Organic C hem is try  o f  the University, Croesestraat 79, 3 5 2 2  A D  Utrecht  
(The Netherlands)
Summary
Three non-crosslinkecl polymers are used as supports for rhodium com­
plexes, viz., | |  | |
[4-Ph2PC6H4CHCH2] [4-Cy2PC6H4CHCH2] „ and [4-Ph2PC6
/
H4CH(CH3)N-C^] n. The two polystyrenes are flexible, whereas the poly-
(iminomethylene) has a rigid rod configuration. Rhodium is anchored by ad­
dition of either [RhCl(C2H4)2] 2 or [RhCl(l,5-cyclooctadiene)] 2. These 
systems are investigated for catalytic activity in the hydrogenation of cyclo- 
hexene with molecular hydrogen. For comparison, rhodium complexes of 
PPh3 and of PCy2Ph are studied under the same conditions, i.e., in THF at 
30 °C and a constant hydrogen pressure of 1 atm.
The polymer catalysts are more stable than the corresponding mono­
mers and they have a higher activity. The latter is ascribed to a diminished 
tendency to dimerize. In contrast to the monomers, the polymer systems are 
also active in the hydrogenation of 1,5-cyclooctadiene.
Introduction
Rhodium complexes such as the Wilkinson complex are efficient cata­
lysts in the hydrogenation of olefinic double bonds [1 - 3]. Just as in many 
other types of homogeneous catalysts, rhodium complexes have been 
anchored to polymer supports. In general, polystyrene is the supporting 
polymer [4 - 7].
In contrast to polystyrene, poly(iminomethylenes) [R-N-C^]„ consist
of rigid, rod-type molecules with a helical configuration [8, 9]. This chiral 
configuration might induce enantioselectivity in hydrogenation reactions 
when the catalytic rhodium species is attached to the polymer molecule. In 
an earlier paper [10] we described the synthesis of a poly(iminomethylene)
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having a diphenylphosphine group in each of its side chains, viz., [4-Ph2P-
/
C6H4CH(CH3)N-C^] n, poly [l-(4-diphenylphosphinophenyl)ethylimino-
methylene] *. In another paper [11] we discussed the structures of rhodium 
complexes attached to this polymer as well as to two non-crosslinked poly- 
(phosphinated styrenes). This discussion was based on their 31P n.m.r. spec­
tra.
Whereas, in general, the systems described in the literature have a phos- 
phine group in no more than 10% of their repeating units, our systems have 
a phosphine in each repeating unit. Therefore, our systems are more uniform 
and have a well defined microenvironment [11].
We have now investigated the catalytic behaviour of complexes obtain­
ed by anchoring rhodium to our polymers in the hydrogenation of cyclo- 
hexene. Cyclohexene was chosen because it has been the substrate in many 
hydrogenation experiments, and it makes comparison easier. The results are 
described in the present paper. Enantioselective catalysis is still under inves­
tigation.
Results
The numbering of the polymers and of the monomeric phosphines is 
the same as in our earlier paper [11]:
I I
[4-Ph2P-C6H4CHCH2] n 1 PPh3 4
I I
[4-Cy2P-C6H4CHCH2] „ 2 PCy2Ph 5
/
[4-Ph2P-C6H4CH(CH3)N=C ] n 3
Initially, we anchored rhodium to 1 and 3 by a method commonly used 
in the literature [12, 13], viz., exchange with the Wilkinson catalyst, RhCl- 
(PPh3)3, in benzene for 7 weeks. The polymer-rhodium complexes precipi­
tated; they were collected by centrifugation and repeatedly washed with 
benzene. A disadvantage of this method is not only the long duration itself, 
but also the chance of oxidation of the phosphine groups during the period 
of exchange. These systems, which contained 1 0 - 1 2  wt.% of Rh, were used 
as catalysts in the reduction of cyclohexene with molecular hydrogen of
1 atm constant pressure at 30.00 °C and in benzene as solvent. The uptake 
of hydrogen was first order with a rate constant of k =  0.08 (mol Rh s) 1 
for the 1-Rh complex, and of k = 0.04 (mol Rh s) 1 for the 3 -R h  complex. 
The activity of the former complex was also measured in ethanol [14]. In 
this solvent the rate constant was appreciably higher than in benzene, viz.,
* A n  a l t e rn a t iv e  fo r  t h e  e x p re s s io n  ‘i m i n o m e t h y l e n e ’ is ‘c a r b o n i m i d o y l ’.
0.27 (mol Rh s)~ 1, whereas we found for the Wilkinson complex itself ap­
proximately equal rates in these solvents: 6 - 7 (mol Rh s)_1. Also in THF 
the rates were higher than in benzene (cf. ref. 7).
It was observed that in some experiments in benzene the hydrogen up­
take did not cease after complete reduction of the cyclohexene. By lH n.m.r. 
and g.l.c. it was shown that additional cyclohexane was formed. Apparently 
the solvent benzene was also hydrogenated, although the rate of this reduc­
tion of benzene was much lower than that of cyclohexene. Since it is known 
that metallic rhodium is a catalyst for the reduction of benzene with mole­
cular hydrogen [5, 15], we assume that our rhodium species had partly been 
reduced to the metallic state. This assumption is supported by the slow 
colour change from brown to black which occurred when the system was 
placed under hydrogen.
We observed some correlation between the rate of benzene reduction 
and the percentage of phosphine oxide present in the polymers. For instance, 
a catalyst prepared from a sample of 3 containing 3 mol% PzO and [RhCl- 
(C2H4)2] 2, with a P/Rh ratio of 1 and in THF as solvent, did not reduce 
benzene, even after stirring under hydrogen for 5 days. On the other hand, 
catalysts prepared from 1 and 3, in which all of the phosphine has been 
converted to the oxide, and [RhCl(C2H4)2] 2 (P=0/Rh = 1) did reduce ben­
zene. In the latter experiments, cyclohexene was first hydrogenated: k =  
2.5 and 1.0 (mol Rh s)^1 for the two polymers, respectively. Then, benzene 
was injected and hydrogenated: k =  0.004 and 0.001 (mol Rh s)_1, respec­
tively. Thus, the presence of more P=0, and consequently of less P, increases 
Rh° formation.
Remarkably, the benzene reduction is sensitive to light. In the dark the 
rate is 10 - 20% higher than under daylight conditions. This effect, which is 
absent in the cyclohexene reduction, has not yet been investigated further 
[16].
From these and similar preliminary experiments we arrived at the fol­
lowing conclusions.
(i) It is preferable to use the Cramer complex [RhCl(C2H4)2] 2 instead 
of the Wilkinson complex for the rhodium introduction. With the Cramer 
complex the exchange is complete within 0.5 - 1 h [11]. In this relatively 
short time, no appreciable oxidation to phosphine oxide takes place. The 
phosphine groups are still present as such, and, consequently, in general, no 
formation of metallic rhodium occurred during the hydrogenation experi­
ments.
(ii) In the reduction of cyclohexene, our systems have a much higher 
activity in THF as solvent than in benzene (cf. ref. 7).
(iii) When polymers 1 and 3 were treated with the Cramer complex 
under nitrogen for 30 min, and then kept under hydrogen for another 30 
min, the subsequent reduction of cyclohexene showed an induction period 
[14] , which could be avoided by stirring the polymer-rhodium-ethene com­
plex under hydrogen for one day. Over this period of time, approximately
3 equiv. of hydrogen are absorbed per 1/2 mol of [RhCl(C2H4)2] 2. Probably,
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2 equiv. are used for ethene reduction and the third for rhodium hydride 
formation [3].
In all the following experiments we used the standard method describ­
ed in the “ Experimental” section. In short: [RhCl(C2H4)2] 2 or [RhCl- 
(COD)]2 for rhodium introduction (COD = 1,5-cyclooctadiene); solvent, 
THF; a constant amount of 1.0 X 10 4 mol Rh per 25 cm3 of solvent, and a 
constant hydrogen pressure of 1 atm. All catalyst suspensions were pre­
treated with hydrogen for one day to avoid induction times.
For each combination of the polymers 1 - 3 and the monomers 4 and 5 
with [RhCl(C2H4)2] 2, as well as with [RhCl(COD)] 2, the rate of cyclo- 
hexene reduction was determined at varying P/Rh ratios, but with a constant 
amount of rhodium. The hydrogen uptake was followed until complete re­
duction of the cyclohexene. The amount of hydrogen absorbed was equiva­
lent to the cyclohexene added. Generally, the rates showed good first-order 
behaviour. After completion, in most experiments a further portion of cyclo­
hexene was injected and the rate of hydrogen uptake measured again. Often, 
this process was repeated 2 - 3 times. Of these subsequently determined 
rates, the first, generally, is a little lower than subsequent ones. In several 
cases this procedure was repeated with a number of catalyst samples. The 
average values are listed in Table 1 and plotted in Fig. 1.
In some series, the rate constants determined in subsequent hydrogena­
tions of cyclohexene were all relatively low. Apparently, the activities of the 
catalysts of these series did not reach their optimal values. They were ex­
cluded from consideration.
A catalyst with low P/Rh ratio can easily be converted to a catalyst 
with higher P/Rh ratio by addition of polymer phosphine. For example, the 
low activity found for the complexes of polymers 1 or 3 and [RhCl(COD)] 2 
at a P/Rh = 1.5 and 2, could be changed to the higher values found for the 
same kind of catalyst at P/Rh = 3.
T A B L E  1
A verage  ra te  c o n s t a n t s  in (m o l  R h  s) 1 fo r  t h e  h y d r o g e n a t i o n  o f  c y c l o h e x e n e  in T H F  a t
3 0 .0 0  °C. A = [ R h C l ( C 2H 4 )2 ] 2 a n d  B = [ R h C l ( C O D ) ] 2
P h o s p h in e R h - c o m p l e x P / R h  ra t io
1 1 .5 2 3 4
•
5
1 A 5.7 22 3 .4 1 3 .8
1 B 1.6 1.3 0 .4 7 .5 0 .4 0 .0 6
2 A 9.4 5.7 5 .5 5.3
2 B 1.0 0 .0 4 0 .0 3 0 .0 1 0 .0 1
3 A 9.4 26 26 14
3 B 5.7 0 .6 0 .5 4 6.3
4 A 3.4 2.3 1 .2 9.3
4 B 4 .8 1.2 0 .8 1.1
5 A 0 .8 0 .4 0 .7
5 B 1.0 2.7 0 .2
•
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Under our conditions the systems prepared from monomers 4 and 5 
do not catalyse the reduction of COD (cf. refs. 13 and 17), whereas the 
systems prepared from the polymers do. When 0.5 cm3 of COD is added to a 
suspension of catalyst prepared from polymer 3 and [RhCl(COD)] 2, absorp­
tion of hydrogen occurs until the added COD has been completely reduced. 
The rate constants are 8.0 and 5.6 (mol Rh s) 1 for P/Rh ratios 1 and 3, re­
spectively. These rates are equal to, or even higher than, those observed for 
reduction of cyclohexene by the same catalyst (Table 1, 3,B). Qualitatively, 
the same behaviour is found for systems derived from [RhCl(C2H4)2] 2 when,
P/Rh
1
-1Fig. 1. A verage  r a te  c o n s t a n t s  (k)  in (m o l  R h  s) A fo r  t h e  h y d r o g e n a t i o n  o f  c y c lo h e x e n e  
in T H F  a t  3 0 .0 0  °C; p o ly m e r s  1, 2, a n d  3 ;  m o n o m e r s  4 a n d  5 ;  A = [ R h C l ( C 2H 4 )2 ] 2 a n d  
B = [ R h C l ( C O D ) ]  2.
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after pretreatment and cyclohexene reduction, 0.5 cm3 of COD is added. A 
catalyst prepared from 3 and [RhCl(C2H4)2] 2, at a P/Rh ratio of 1.5, was 
first used for the hydrogenation of cyclohexene. Then, 0.5 cm3 of COD was 
added. The COD was hydrogenated to cyclooctane with a rate constant of 
5.3 (mol Rh s)_1. After completion of the COD reduction, the catalyst was 
again tested for its activity in cyclohexene reduction. This activity had not 
changed appreciably and, thus, neither had the catalyst. A similar behaviour 
was observed for a catalyst prepared from 1 and [RhCl(C2H4)2] 2.
Experimental
Materials
All solvents were of analytical grade quality. They were dried and distil­
led under nitrogen before use. The complexes [RhCl(C2H4)2] 2, [RhCl- 
(COD)] 2 and RhCl(PPh3)3 were synthesized according to literature methods 
[3, 23, 24]. Triphenylphosphine was purchased from Aldrich. Dicyclohexyl- 
phenylphosphine was prepared from PPhCl2 and CyMgBr in THF and was 
recrystallized from EtOH/MeOH (under nitrogen). Poly(4-diphenylphos- 
phinostyrene) (1), poly(4-dicyclohexylphosphinostyrene) (2), and poly[l-  
(4-diphenylphosphinophenyl)ethyliminomethylene] (3) were synthesized as 
described earlier [9, 11]. The polymers contained less than 3% phosphine 
oxide unless otherwise indicated.
Catalyst preparation
All manipulations were carried out in a dry, oxygen-free, nitrogen 
atmosphere. The rhodium complexes [RhCl(C2H4)2] 2 and [RhCl(COD)] 2 
were anchored to polymers 1 - 3 by mixing THF solutions of the two reac­
tants directly in the hydrogenation vessels. Suspensions were formed which 
were stirred under nitrogen for 30 - 60 min in order to permit complete 
ligand exchange equilibration. Hereafter, the nitrogen atmosphere was re­
placed by a hydrogen atmosphere and the anchored catalysts were activated 
by stirring the suspensions under hydrogen for 16 - 24 h. The monomeric 
phosphines were treated in a similar way. However, with these compounds, 
clear and homogeneous solutions were obtained when the two components, 
phosphine and rhodium complex, were mixed in the hydrogenation vessels.
The complex RhCl(PPh3)3 was anchored to polymers 1 and 3 via a 
ligand exchange reaction in benzene for 7 weeks [12, 13]. The polymeric 
rhodium complexes were isolated by centrifugation; they were repeatedly 
washed with benzene. These complexes contained 1 0 - 1 2  wt.% of rhodium.
K inetic  m easurem en ts
Hydrogenations were performed at 30.00 ± 0.05 °C in thermostatted 
glass vessels which were connected to thermostatted gas burettes. In all ex­
periments 1.0 X 10 4 mol rhodium was used. The amount of phosphine 
varied from 1 to 5 equiv. The total reaction volume was 25 cm3. Reactions
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were followed by measuring the uptake of hydrogen as a function of time 
(£). Volumes ( V) of absorbed hydrogen were corrected for changes in atmos­
pheric pressure. First-order rate constants were calculated from the slopes of 
plots of ln( Vt=00 — Vt ) versus time. The variation in rate constant within one 
series (subsequent injections of cyclohexene) is approximately 3%. The error 
in rate constant obtained by averaging over different series (different catalyst 
samples) is estimated to be approximately 15%.
Discussion
Comparison of the activities observed for our systems with those men­
tioned in the literature for monomer complexes is not exactly possible be­
cause of the difference in conditions. Roughly, the order of magnitude is 
the same. However, since our polymer systems are in the solid phase, it is 
unlikely that all catalytic centres are easily available. Therefore, the specific 
activity of these centres is probably much higher. In some series the rate 
constants were all relatively low. These low activities might be the result of 
larger or less penetrable catalyst particles. An important difference in reac­
tion conditions between our experiments and those in the literature is the 
solvent. We used THF, whereas most authors used benzene. When a little 
benzene is added to our THF solutions the rate of hydrogenation decreases. 
This decrease is probably due to better coordination of benzene than of THF 
to rhodium [18]. Thus, in THF there are more open ligand positions. This 
favourable effect could be offset by an easier dimerisation. Since, generally, 
dimeric rhodium species are not active in hydrogenation, dimerisation will 
decrease the rate [19]. It is easy to visualize that dimerisation takes place 
more readily in the systems derived from the monomeric phosphines 4 and 
5, than in the systems derived from the polymers 1 - 3. Moreover, dimerisa­
tion is probably less easy with the rigid rod polymer 3 than with the flexible 
polymers 1 and 2. This difference, expected between polymers and mono­
mers, is particularly clear for the catalytic systems prepared from [RhCl- 
(C2H4)2] 2. Of these catalytic systems, those of polymers 1 and 3 are more 
active than those of the corresponding monomer 4, while the same is true for 
those of polymer 2 with respect to monomer 5. Moreover, those of the rigid 
rod polymer 3 have the highest activity of all.
Generally, the catalysts prepared from [RhCl(C2H4)2] 2 were appreci­
ably more active in the cyclohexene reduction than the catalysts prepared 
from [RhCl(COD)] 2. Apparently, there is a difference in behaviour between 
the coordinating olefins during the one-day pretreatment with hydrogen. All, 
or almost all, of the ethene is reduced. If the COD were also completely re­
duced, the catalysts from [RhCl(C2H4)2] 2 and from [RhCl(COD)] 2 would 
be expected to have equal activities. Since, generally, this is not the case, in 
particular not for 2, the bidentately coordinated COD is probably not com­
pletely reduced, even when the pretreatment period is extended to 3 days. 
Thus, the polymers prepared from [RhCl(C2H4)2] 2 have more open ligand 
positions and therefore, a higher activity.
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The polymer catalyst sites where the ethene or (part of) the COD ori­
ginally present in the rhodium complexes has been removed by reduction in 
the pretreatment period, are active in the hydrogenation of COD as well as 
cyclohexene. Probably, the active sites are able to coordinate COD in a 
monodentate, but not a bidentate fashion, just as for cyclohexene. In our 
view, the reason for this difference with respect to the monomers is that the 
polymer phosphine ligands, once attached to the rhodium, are not displaced 
by bidentately binding COD. This picture explains the remarkable observa­
tion that our polymer catalysts have approximately equal activities in the 
hydrogenation of COD and cyclohexene.
Appreciable changes in activity are observed when the P/Rh ratio is 
varied. The effect of variation in this ratio has been studied by several 
authors [6, 19 - 22]. In benzene they observed a maximum in rate at P/Rh 
= 2.2. The maximum is related to the fact that RhCl(PPh3)2 complexes are 
the catalytically active species.
In our monomer catalysts with the PPh3 ligand we observe a minimum 
at P/Rh = 2. The difference with respect to the maximum at this position 
mentioned in the literature is, in our opinion, due to the catalyst pretreat­
ment. Most authors have tested their catalysts shortly after mixing the cata­
lyst components, whereas we have employed a one-day pretreatment with 
hydrogen. During this day the RhCl(PPh3)2 complexes dimerize to a large 
extent. Rh(PPh3)2 complexes are known to have a large dimerization ten­
dency, whereas complexes with a P/Rh ratio ^  2 dimerize less readily [19]. 
Thus, for the monomer systems we observe a minimum at P/Rh = 2.
Regarding the polymer catalysts, we exclude from consideration the 
systems prepared from [RhCl(COD)]2 because the COD is still largely 
present in the catalysts. The polystyrene catalysts prepared from 1, which 
are flexible, have a minimum at P/Rh = 2, just as in our monomers. The 
polymer 3 catalysts have a maximum at P/Rh = 2 because their rigidity de­
creases the tendency to dimerize.
One could expect that at the low P/Rh ratio of 1 the tendency to form 
metallic rhodium is high [5, 15]. However, the almost total absence of activ­
ity for benzene reduction observed for the polymer systems during the first 
week of their use, shows that metallic rhodium formation did not occur to a 
large extent.
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